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ABSTRACT

This paper aims to examine the effects of variations in the vocal fold (VF) morphological features associated with gender on glottal
aerodynamics and tissue deformation. Nine three-dimensional geometries of the VFs in the larynx are created with various VF lengths, thick-
nesses, and depths to perform a parametric analysis according to gender-related geometrical parameters. The computational model is incor-
porated in a fluid-structure interaction methodology by adopting the transient Navier-Stokes equations to model airflow through the larynx
and considering a linear elasticity model for VF dynamics. The model predictions, such as aerodynamic data through the larynx, glottal air-
flow, and VF deformations, are analyzed. The comparison of the simulation results for the nine cases supports the hypothesis that gender dif-
ferences in laryngeal dimensions remarkably influence the glottal airflow and deformation of the VFs. Decreasing VF thickness and
increasing its length corresponds to a noticeable increase in maximum tissue displacement, while variations in depth affect the flow rate sig-
nificantly in the small and large larynges. Conversely, we observed that the pressure drop at the glottis is nearly independent of the VF length.
A comparison of the glottal area with published imaging data illustrated a direct correlation between the glottal configuration and the mor-

phology of the VFs.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0146162

I. INTRODUCTION

The human phonation process involves fluid-structure interac-
tions (FSIs) of airflow in the larynx and the flow-induced vibrations of
the vocal fold (VF) tissue." An improved understanding of these inter-
actions is useful for studying VF pathology and the physics of voice,’
enhancement in the prevention of voice disorders,” and developing
computer-based tools for their clinical management.”

Clinical studies have observed that male and female larynges dif-
fer in their geometrical characteristics, which are correlated with dif-
ferences in VF vibratory patterns between the two genders." In
particular, it has been found that males have longer, thicker VFs that
are placed in a larger larynx, while females on average have VFs that
are 60% shorter anteriorly posteriorly and 20%-30% thinner along the
vertical direction than male VFs,” as well as the smaller larynx (Fig. 1).
Due to these gender-related anatomical variations, the fundamental
speaking frequency of females is about two times higher than males,
which can contribute to a higher prevalence of certain voice disorders
in one gender.” Statistically, women have been found to experience VF
lesions more frequently than men, regardless of their occupation.”
This disproportion can partially be explained by different geometries
of the laryngeal framework for females and males, and corresponding

VF dimensions.”” It has been hypothesized that shorter VFs experi-
ence more oscillations and collisions for an equal amount of voicing,
while there would be less tissue to absorb vibratory forces in a thinner
VF tissue.""’

Analyzing the relationship between VF morphological properties
and function in phonation leads to improvements in biomechanical
models of the human larynx, while such models are also being consid-
ered for potential use in surgical interventions'' and the design of
laryngeal prostheses,'” as well as exploring issues related to gender and
voice training.”'* Previous studies have observed the size ranges of
the human VFs but very few research has attempted to explore the
implication of differences in the structural dimensions on the phona-
tion process and functional patterns; consequently, it is not clear to
what extent the exclusion of geometrical variations modifies the VF
and glottal flow dynamics and the effects of the size of the VFs remain
uncertain.

Current efforts to develop computational models of voice pro-
duction are critically reviewed in Ref. 16, including models to study
changes in aerodynamics during VF vibration'”'® and FSI studies of
VE.'”"** However, there are very few published reports that compare
the phonation process and VF function according to female and male
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FIG. 1. Top: schematic of the human vocal tract system demonstrating gender dif-
ferences. Bottom: a laryngeal image of female and male VFs from the superior
view adapted from Nemetz et al., Rev. Bras. Otorrinolaringol. 71, 6-12 (2005)."
Copyright 2005 licensed under a Creative Commons Attribution (CC BY) license,
the straight-line AB represents the length of the folds.

geometry of the human larynx. Those that do exist employed a range
of simplifications and limitations such as ignoring glottal aerodynam-
ics in the larynx and inducing the vibration by applying direct load
pressures to the VF surfaces, conducting pure fluid flow simulations
by neglecting structural vibration of the tissue, considering only one
VF based on symmetry assumption, and using lower dimensional
models. Dollinger et al.”” attempted to correlate anatomical parame-
ters of VF to aerodynamics by adapting a two-mass mathematical
model that expressed the gender-related differences indirectly by com-
puted biomechanical model parameters. Other gender-related compu-
tational studies on VF biomechanical features have been conducted by
Zhang.”® and Li et al.,”” which fail to simulate the realistic physics of
phonation due to neglecting the fully coupled behavior of airflow and
VF tissue. Li et al.”” employed computational fluid mechanics (CED)
to demonstrate the differences in shape and size of the male and
female larynxes such as glottal angles and the related transglottal pres-
sure distributions, but without including the VF structural mechanics.
Moreover, Zhang,” investigated the effects of differences in VF length,
thickness, and depth on voice production via a reduced-order phona-
tion model that considers glottal flow as a one-dimensional quasi-
steady potential flow and the VF displacement is approximated using
its precalculated eigenmodes, derived from Lagrange’s equation.
Furthermore, subglottal and supraglottal tracts were excluded in the
aforementioned study, although their interaction with the glottal flow
needs to be investigated.

Although the above studies were found to suggest significant
attribution of larynx and VF morphological features, no previous
research has attempted to explore the effects on dynamics of the glottal
flow and VF deformations using an integrated FSI methodology capa-
ble of simulating the complex interactions present in this coupled sys-
tem. The present effort attempts to remedy this deficit. More precisely,
the objective of this study is to implement a physiologically realistic
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model of coupled glottal flow and VF vibration during phonation for
the purpose of evaluating the influence of the VFs geometric parame-
ters and analyzing the association of different morphological features
with aerodynamics through the larynx and VF tissue deformation. A
parametric study using comparative analysis of nine laryngeal models
with various geometrical features is performed.

This paper is organized as follows: Sec. II reviews the formulation
of the problem, introduces the parametric geometrical space and nine
adopted VF models and summarizes the computational setup to per-
form the simulations. The computational results on aerodynamic data
and tissue deformation are compared for simulated VF cases in Sec.
111. Finally, the discussion, conclusions, and future directions are pre-
sented in Sec. IV.

Il. METHODS

A three-dimensional (3D) model of the larynx containing VFs is
considered (Fig. 2). The rectangular channel represents the air domain
and is divided into subglottal, supraglottal, and glottal regions. The
sub- and supraglottal lengths are selected based on experimental
results™ to capture the whole glottal flow. The flow direction is along
the axial midline, and the computational domain is assumed to be
symmetric about the glottal channel centerline.

The VFs, which are shown in red (Fig. 2), the glottis, and the
shapes of the false VFs comprise the glottal space. Using the laryngeal
CT scan of a human subject, obtained from Ref. 24 and demonstrated
in Fig. 2(a), the cross-sectional geometry of the baseline VF model is
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FIG. 2. (a) A close-up coronal view of the CT at the anterior—posterior midline of
the glottis adapted with permission from Zheng et al., Ann. Biomed. Eng. 37(3),
625-642 (2009).” Copyright 2009 Published by Springer Nature, with the central
line shown with white dash-dotted line. (b) The geometric model of the idealized
three-dimensional glottal airflow Q¢ and VF Qg domains that attempts to match the
key geometrical features in the CT scan. The inlet, outlet, FSI interface I, and vari-
ous geometrical dimensions are identified.
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TABLE I. Geometric modeling parameters and their related values.

Geometric parameter Value (cm)
Minimum glottal gap width dg 0.02
Subglottal distance L, 3.0
Supraglottal distance L, 10.5
False vocal folds width Lpyr 0.82
False vocal folds distance dpyr 1.1
Length of vocal folds Lyx 0.9%%7-1.5"%%
Baseline length 1.2
Thickness of vocal folds Typ 0.5"-1.1*
Baseline thickness 0.8
Depth of vocal folds Dy 0.5*-1.2*
Baseline depth 0.86

defined and attempts to match the key geometrical features in the CT
image. The shortest distance between the two VFs along the medial
surfaces is time-varying during the VF deformation and is defined as
the glottal gap, denoted by dg. A small threshold of 0.02 cm is enforced
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for the minimum glottal gap between the two folds, which is in the
range reported by Fulcher and Scherer”” and has been used in previous
phonation models.”” Imposing this gap instead of a complete glottal
closure is necessary to prevent the flow domain from being discon-
nected during the VF closure and to ensure the success of the flow
solver.”’

Table I contains the geometric dimensions of the larynx domain
and the range of gender-specific anatomical measurements of VFs
derived from collective data of previous studies. The geometric param-
eters include the length (Lyr), thickness (Tvr), and depth (Dyg) of the
VFs, as defined in Sec. IT A. Table I also provides dimensions of the
baseline larynx model as displayed in Figs. 2 and 3. This geometry is
comparable with the widely used simplified M5 model proposed by
Thomson et al. and Scherer et al.”> and also corresponds to the lar-
ynx model in Ref. 34.

A. Geometrical models: Parametric space of VFs

Nine three-dimensional geometries of the VFs in the larynx are
created according to gender-related geometrical parameters, character-
ized by a variation in VF length Ly, thickness Tyr, and depth Dyy for
each case. The cubic visualization of the parametric space, where each
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FIG 3. Top: an illustration of the vocal fold
Case (5) component highlighting the key geometri-
cal parameters under investigation in the
study and the explored parametric space
for geometric control of the VF model with
case identifications clarified at the corners.
Case (6) Bottom: the nine three dimensional laryn-
geal models, representative of females’
and males’ geometries. In each plotted
image, larynx is colored in gray and VF

Case (7) domain is depicted in red.
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point represents one of the nine larynx-VF geometries used in this
study, along with their model schematics is displayed in Fig. 3. The VF
length Lyr is defined as the anterior—posterior distance across the VF,
with the thickness variable Tyr on the lateral surface in the vertical
direction. Each fold tapers toward the medial direction with the
reduced thickness at its medial surface. The VFs extend by the medi-
al-lateral depth of Dyy toward the glottal midline in the coronal cross
section. The values of these parameters used to design the laryngeal-
VF models for each case are listed in Table II. In particular, each
parameter varied between two chosen values based on the upper and
lower range for male and female morphological data as provided in
Table 1. These dimensions are selected as close as possible to data
reported in previous studies.””*°

The 3D parametric space shown in Fig. 3 is divided into two 2D
planes that partition cases by Dyr values to simulate small and large
laryngeal domains. Cases 1-4 correspond to Dyy = 1.2 cm, while cases
5-8 represent Dyp = 0.5cm. VF depth Dy is kept constant for each
laryngeal model size, and the VF thickness and VF length are varied to
create two groups of four VF cases. The VF length and thickness vary
on the values of Lyr =0.9, 1.5cm and Tyr = 0.5, 1.1 cm, respectively.
Thus, the analysis accounts for the combination of “short/long” and
“thin/thick” VFs in “small/large” laryngeal models. The resulting eight
cases are representative of female-like and male-like larynx models,
with the condition of short-thin VF geometries for females vs long-
thick geometries for males. The red point located in the center of the
parametric space (Fig. 3) is the baseline case, which represents
the average dimensions for each parameter. The glottal gap between
the VFs, and the subglottal and supraglottal lengths of the airflow
domain are kept constant for all the analyzed cases.

B. Governing equations: Glottal aerodynamics and VF
dynamics

The unsteady, viscous, incompressible Navier-Stokes equations
governing the glottal airflow is defined in a deformable domain Qy(t),
consisting of the momentum and mass conservation equations as
follows:

ot
V-v=0 inQ(t). (2)

TABLE II. Parameters of VF geometry for each larynx model.

Case ID Length Lyr (m) Thickness Tyr (m) Depth Dyp (m)
Case (1) 0.9 x 1072 1.1x 1072 1.2 %102
Case (2) 1.5x 1072 1.1x 1072 1.2 %102
Case (3) 0.9x102 0.5 % 102 12 x 102
Case (4) 15%x10 2 0.5 % 102 12 x 102
Case (5) 0.9 x 102 1.1x1072 0.5x 102
Case (6) 1.5 x 102 1.1 x 1072 0.5x 1072
Case (7) 0.9 x 1072 0.5x 1072 0.5x 1072
Case (8) 1.5 x 1072 0.5x 1072 0.5x 1072
Case (9) baseline 1.2 x 1072 0.8 %1072 0.86 x 1072

scitation.org/journal/phf

Here, v and p; represent the fluid velocity field in the larynx and
air density, respectively, and oy = —psI + 2u,D(v) stands for the
fluid Cauchy stress tensor where py is fluid pressure and i, denotes air
dynamic viscosity. The symmetric part of fluid velocity gradient is
defined as D(v) = (Vv + Vv"). The airflow in the larynx can be
regarded as incompressible Newtonian fluid for low Mach numbers
(Ma < 0.3), as is the case in human phonation. Therefore, the fluid is
assumed to have the constant density of p; =1.185 kg/m’ and viscos-
ity of pp=1.831x 10 °kg/ms, representing airflow properties at
25°C room temperature. The flow is also considered to be laminar
based on the computed Reynolds numbers in Sec. IT C, and similar to
many previous models, which has been found to provide reasonable
approximation for laryngeal flow (see Ref. 17 for detailed discussions).

The VF tissue is assumed to be homogeneous, incompressible,
and isotropic; and its deformation is modeled using the momentum
equation for balance of total force:

D*U

pS th

In Eq. (3), p, is the VF density and & denotes the Cauchy stress

tensor and includes the displacement U, for which the elastic behavior

is modeled to be linear. The density of p, = 1070 kg/m’ is considered.
The elasticity stress tensor for the VF tissue is defined as

—V.(6) =0 inQt). 3)

E;

I V.
= 1+MSD(U)+ (V-U)I (4)

(1 +:us)(1 - 2”5)

In Eq. (4), E; and p are the Young’s modulus and the Poisson’s
ratio of the tissue. These stiffness parameters are considered to be
E,=40kPa and p,=0.45, similar to previous studies,”**** and
experimental measurement.*’ The symmetric part of deformation gra-
dient for the VF tissue is denoted by D(U) = 1 (VU + VUT) under
the assumption of small deformations. It should be noted that consid-
ering the VF as a one-layer isotropic, linear elastic material is a com-
mon simplifying assumption in models of air flow and VF tissue
interaction.”*>" Justification for linear analysis has been elaborated
in Ref. 48 and it has been claimed that during phonation VFs exhibit a
nearly linear stress—strain relationship when active muscular tension is
present.”’ Moreover, although the VF is physiologically a multilayered
structure, it has been shown to behave mechanically as a one-layer
structure for most phonation conditions.”’

O

C. Modeling details: Fluid flow-tissue interactions
and boundary conditions

Dirichlet boundary conditions are applied for the pressure at the
inlet and outlet of the fluid domain, with values consistent with physi-
ologically realistic measurements by Holmberg et al.”' The subglottal
pressure is identified with P;, = 1 kPa, while the gauge pressure at the
outlet of supraglottal is fixed at Py, = 0kPa. A zero normal velocity
gradient condition is applied at the inflow and outflow which allows
the flow rate to settle to a value dictated by the pressure drop and the
flow impedance. All other bounding surfaces of the fluid domain
except for the inlet and outlet are treated with no-slip and no-
penetration conditions. Surfaces of the VFs in contact with air are free
to move, while other boundaries are fixed. More precisely, a fixed
boundary condition is applied to the VF lateral, anterior, and posterior
surfaces that are in contact with the arytenoid cartilage. The
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interaction between the tissue and the airflow happens along the VF
superior, medial, and inferior surfaces identified by FSI interface I" as
shown in Fig. 2, and FSI coupling conditions are enforced on these
common flow-tissue interfaces.

The parameters, conditions, and equations listed in Secs.
ITA-TIC are implemented in ANSYS Workbench (version 2022.R2,
ANSYS Inc., Canonsburg, PA, USA) software to carry out the fully
coupled transient FSI simulations. Aerodynamics is simulated using
the CFD software package in the ANSYS CFX component to capture
the velocity and pressure of the air traveling through the larynx and
between the VFs, while the structural deformations of the VF tissue
during phonation are modeled in the ANSYS Mechanical component.
Airflow dynamics and VF structural mechanics interact via a single
fluid-solid coupling interface, whose behavior is dictated by the
ANSYS System Coupling module, verified and validated in Ref. 52.

The Navier-Stokes and continuity equations governing the
unsteady glottal airflow are numerically solved in CFX using the finite
volume method, while the finite element method (FEM) is used to
solve the tissue deformation equations in the Mechanical solver. Two
data transfers are considered for the two-way FSI analysis: the first one
is responsible to transfer the fluid force data from the CFD solver at
the common air flow-VF tissue interface region to the fluid—solid
interface region of the mechanical solver. The second data transfer is
for transferring the incremental displacement at the fluid solid inter-
face region in the mechanical system to the air domain as mesh dis-
placement in the CFD system. The ANSYS System Coupling
component controls the execution and convergence of fluid and solid
simulations and solves fluid flow field and solid structure domains sep-
arately and in a sequential fashion. In particular, the module first per-
forms the airflow simulations in ANSYS CFX to the target residual
convergence to obtain the non-uniform pressure distribution and flow
velocity in the larynx and provide the fluid forces exerted on the FSI
interface. The obtained pressure load is then transferred to ANSYS
Mechanical to solve for corresponding deformations of VF tissue and
obtain a converged solution of the displacement data. The obtained
displacements are transferred back to the CFX module, and the prob-
lem is solved for convergence. The process is iterated for the number
of defined coupling iterations till the completion of all the coupling
steps. The maximum number of iterations per time step was set to 10
to ensure convergence within each time step. The coupling iterations
are repeated until the convergence is reached, ie. the interactions
between fluid and structural components are converged. In System
Coupling, a maximum root mean square residual of 0.01 must be
reached to ensure the convergence of the solution of the coupled algo-
rithm. These stagger iterations are reinitialized with the new deformed
mesh that occurs from the solid deformation. The CFX module per-
forms mesh deformation by solving a displacement diffusion equation
to determine the mesh displacements throughout the remaining vol-
ume of the mesh. In particular, a locally increasing mesh stiffness (that
is, the diffusivity for the mesh displacement equation) approach is
used to provide additional control over the resulting mesh distribution
and to avoid mesh folding and maintain an acceptable mesh quality in
regions of large deformation. The existing solution will be interpolated
to the updated mesh using tools provided with the ANSYS-CEX
product.

As for the FSI boundary conditions, it is assumed that the dis-
placement of the interface I' is the same for the fluid and solid
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domains which indicates that the fluid adheres to the structure.
Moreover, normal stress equilibrium conditions are assumed at the
FSI surfaces. These prescribed coupling conditions for the continuity
of velocities and the continuity of fluid and VF tissue stresses in the
normal direction are controlled by the System Coupling data transfers.
In particular, to satisfy the aforementioned FSI coupling conditions
across I', data exchange is performed at the start of every coupling iter-
ation within a coupling step. The process is handled with the
Conservative Profile Preserving data transfer algorithm and General
Grid Interface (GGI) mapping algorithm is used to generate mapping
weights when transferring fluid and VF tissue stresses and the result-
ing forces over the FSI boundary. Moreover, the Profile Preserving
algorithm and the Bucket Surface mapping algorithm is used to gener-
ate mapping weights when transferring displacements along the inter-
face between the glottal airflow and VF domains. The coupling box
also manages incompatible meshes at the fluid-structure interface.

The convergence criteria of the ANSYS CFX are chosen to 10>
for the normalized residuals of the global linear system of equations
for the mass and momentum. The convective term in the
Navier-Stokes equations is linearized by the Picard iterations and
the pressure variable is evaluated at the same nodes of the velocity.
The Laplace operator in the momentum equations of the airflow
domain is approximated by a centered scheme, and a second-order
upwind scheme is applied for spatial discretization of the convective
terms. The system is then solved using an algebraic multigrid method
exploiting incomplete LU factorization as smoother. The DNS (direct
numerical simulation) method for laminar flow is employed. The
Reynolds number for various cases is estimated to be in the range of
1300-3300 based on the maximum intraglottal velocity of 30-40 m/s
and the maximum glottal gap of 0.5-1.6 mm during the VF opening
phase as the characteristic length’' and is within the realistic range for
Reynolds numbers in airflow past VFs obtained in previous computa-
tional™ and experimental™ studies.

The nine cases are discretized into unstructured linear tetrahedral
elements within the larynx and VF regions in order to perform the
simulations. The computational grid for each case, including both air
lumen and two vocal folds, is selected after a mesh refinement study.
This is accomplished by increasing the number of elements and con-
ducting the simulations with refined grid density until the re-
calculated model predictions agreed well with that from the original
mesh. The resolution is considered sufficient for VF region when the
maximum VF displacement does not change appreciably (relative
error less than 5%), and displacement analysis with coarser and finer
meshes shows negligible error (less than 3.3%) when monitoring and
comparing the difference between maximum values of glottal gap
width and the total displacement patterns at some examined points.
The fluid flow solution is also considered mesh-independent for an
error lower than 5% in terms of velocity and pressure in the glottis.

The selected final mesh for the baseline case model is split into
1.2 x 10° tetrahedral elements within the larynx and VF regions. All
the simulations are performed on a non-uniform grid which provides
a higher resolution in the intraglottal region where high flow gradients
are expected, as well as finer meshes in the groove areas and near the
FSI interface of the VFs (around the VEs domain). A coarser mesh is
used at the subglottal and supraglottal regions, decreasing the compu-
tation time and required resources. In most regions, the element size is
0.3 to 0.5mm. Moreover, different size time-steps are adopted to
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comply with the Cauchy-Freidrich-Lewey (CFL) numerical stability
constraint and to provide adequate temporal resolution. A time step
size of At=10"" s is applied on both the flow solver and the solid
solver for all the cases, which is deemed to provide a good temporal
resolution and an acceptable maximum CFL number with the optimal
balance between computational efficiency and accuracy. Time integra-
tion was performed using an implicit second-order discretization
scheme. Simulations are carried out whereby cases reached a well-
defined state, such that the flow field is fully developed, and the VFs
vibrate periodically.

lll. RESULTS

In this section, first the results of the baseline simulation (see
Table II for geometrical details) are presented. Next, the dependence
of glottal aerodynamics and mechanical deformations on the variation
of VF geometrical features; VF depth Dyy, thickness Tyr, and length
Lyp; that is linked to gender-related parameters are investigated.

A. Glottal aerodynamics and tissue deformation:
Baseline VF geometry

The results for laryngeal aerodynamics, including glottal flow
velocity magnitude, pressure field and streamline pattern for baseline
case, are shown in Fig. 4. The contours are displayed in the midcoronal
and midsagittal planes at the same time instance that corresponds to
the opening phase of VF in the oscillation cycle. The airflow is driven
from left (inlet) to right (outlet) by a constant pressure drop between

ARTICLE scitation.org/journal/phf

the subglottal and supraglottal pressures and interacts with the VFs to
initiate flow-induced vibrations. Due to the reduction in the area avail-
able for the flow in the glottic area, a pressure drop in the larynx across
the glottis occurs. This narrowing, therefore, generates a considerable
increase in intra-glottal air velocity, with maximum values observed in
the glottis. Figure 4 also displays the streamline structures in the air-
way. The uniform streamlines at the inlet form a glottal jet between
the folds, then recirculate before exiting the outlet. Two vortices are
observed above the glottis and persisted a short distance into the
supraglottal region. Results also suggest that supraglottal velocity is
highly spatial with strong recirculation zones and is temporally
dependent.

The spatiotemporal VF tissue deformations of the baseline case
are illustrated in Fig. 5. Snapshots are obtained from opening to fully
opened, then to a closed position. The Ty and T time instants are the
extreme positions of the VF when it deforms toward the superior
direction and when it closes the glottis, respectively. The first row
shows the profile of the VFs at the midcoronal plane, and the second
row shows the superior view. As air flows through between the VFs, a
rhythmic vibration is observed. The subglottal pressure produces a
pushing force in the flow direction on the VFs as well as a compressive
force in the transverse direction, causing both inferior and superior
surfaces to abduct, and the glottis begins to open. The opening arrives
at the maximum level and then adducting starts from the inferior area
followed by the superior area. Then, the VFs begin closing and the
cycle is repeated (Fig. 5).

Velocity

Pressure [Pa]

FIG. 4. Contours of velocity field, pres-
sure, and velocity surface streamlines in
the midcoronal and midsagittal plane in
the larynx domain captured during glottal
opening time instant. The box shows a
zoomed part of the plot to observe the
aerodynamics in the glottal region.

Streamlines [m/s]
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Displacement
[mm]
0.56

0.42

0.21

B. Effect of morphological differences: Nine VF
geometries

In this section, the results from nine laryngeal models are
described. Figure 6 shows a comparison of pressure decrease across
the glottis and flow rate chart for cases with various VF morphologies.
In both Fig. 6 plots, the red color represents the baseline case informa-
tion. The intra-glottal pressure is obtained for these cases on the

1200
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g
= 400
‘3_ 200
o
a .
0 E .
0.015 0.02 0.025 0.03 ; 0085 AO. . 0.05 0.055
-200 (4 3
Distance along the air domain (m)
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—--Casel e Case 2 Case3
-600 - - -Case4 Case 5 — - Case6
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2.30E-06
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Flow Rate (kg/s)

FIG. 6. Top: comparison of the intraglottal airflow pressure along the axial length of
the glottal region in nine VF cases. Bottom: comparison of the maximum flow rate
within the glottis in the same cases.
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FIG. 5. A series of deformed VF surface
shapes (coronal and axial views) within a
phonation cycle shifted in the horizontal
direction for Pj, =1kPa and baseline
case. The solid black curves are the unde-
formed positions of the folds.

T

centerline of the larynx, only in the portion that passes through the
glottis where VF is located. Also, the glottal flow rate is captured on a
plane that is located at the middle portion of the larynx geometry,
when velocity is the maximum.

It can be observed that the intra-glottal pressures decrease for all
the configurations as the glottal cross-sectional area decreases due to
flow acceleration within the glottis (Fig. 6). This pressure reduction
reaches minimum values (and the largest velocities) just past the mini-
mum diameter position, and then the glottal pressure increases as the
cross-sectional area expands at the supraglottal area. Figure 6 shows
that intraglottal pressure patterns are similar and the differences in
pressure distributions between all configurations are relatively small.
Compared to the other cases studied here, case 2 gives the lowest dip
in pressure and the greatest flow rate, which suggests that this case cor-
responds to the least flow resistance.

By comparing the cases with different thickness Tyg, but same
Lyr and Dyr (i.e., case 2 vs case 4), it can be observed that the effect
of thickness on pressure drop is noticeable. The thicker the VF, the
bigger the pressure drop, and a higher flow rate is obtained. By
comparing the cases with different length Ly, but same Dyy and
Tyr (i.e., case 1 vs case 2), the calculated pressure drop is found to
be independent of the change of the VF length; however, the flow
rate consistently increases for the cases with a longer VF due to a
bigger cross-sectional area of the glottal region. For the cases with
smaller VF depth Dy, but same Lyr and Tyr (cases 5-8 appeared
by blue vs cases 1-4 presented by black color in Fig. 6), the pres-
sure drop happens sooner in the subglottal length, and the flow
rate is consistently lower because of the smaller cross-sectional
area of glottis.

Moreover, the contour of the total displacement of nine VF cases
is shown in Fig. 7, taken when the glottal flow rate has its maximum
value. The VF length Lyr shows a detectable effect on the tissue defor-
mation followed by VF thickness Tyr. Increasing Lyr increases the
maximum displacement significantly. This is consistently observed by
increasing the length from cases 1, 3, 5, and 7 that have the Lyz of
0.9cm to cases 2, 4, 6, and 8 with the Lyr of 1.5cm. On the other
hand, decreasing VF thickness Tyr increases displacement remarkably
as well in all the pairs with same VF length and depth. Finally, decreas-
ing depth Dy from 1.2 cm in Cases 1, 2, 3, and 4 to 0.5 cm in cases 5,
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Case (1) Case (5)
039 0.12
G20 0.08
0.10 0.04
2 0

Liesi2) Case (6)
108 0.16
0.72 011
0.36 0.05
0 0

Case (3) Case (7)
1.79 0.34
1.19 0.23
0.60 0.11
0 0

Case (4) Case (8)
5.91 0.63
3.94 0.42
1.97 0.21
0 0

Displacement Case (9)
[mm] Baseline
0.56
0.37
0.19
0

6,7, and 8 decreases maximum displacement between all the case pairs
with the same VF length and thickness.

Figure 8 demonstrates the maximum VF deformation during
vibration for the nine analyzed models, using different subglottal pres-
sure values. The inlet pressure P, varied for three phonation loads
between 0.8 and 1.5 kPa, which covers the range in normal phonation
conditions and the highest VF displacement is calculated at each sub-
glottal pressure. As P;, was raised from 0.8 to 1.5 kPa, the deformation
of VF increased as expected. The vibration magnitude shows a linear
relationship with inlet pressure. More precisely, the data collected for
the variation of maximum VF displacement vs inlet lung pressure for
each of the presented cases collapsed onto a single line (Fig. 8).
Therefore, data have been fitted using a linear function that has the
form of y = mx + b, where (m) is the slope that quantifies the sensi-
tivity of the deformation of the VF (y) with respect to the subglottal
pressure (x) and (b) is the y intercept. We observe that the slope of the
lines is different for each case. In particular, m for the case 3 (thin-
short VF) and the case 2 (thick-long VF) have the largest values (Fig.
8). Therefore, the subglottal pressure was found to have maximal effect

ARTICLE scitation.org/journal/phf

FIG. 7. Comparison of the defor-
mation contours for nine VF cases
taken at opening of glottis when
the glottal flow has its maximum
value. The values of the total dis-
placements of the VFs in millime-
ter are indicated by different color

contours.
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FIG. 8. Effect of subglottal pressure on maximum VF displacement. Case 4 has a
larger displacement and is not included.
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Case (3) Case (2)

r Vase-shapi

glottal arey

FIG. 9. Comparison of the glottis region from FSI simulation (superior view) with
clinical examples of the glottal configuration for males and females adapted with
permission from Yamauchi et al., J. Voice 28(5), 525-531 (2014).°° Copyright 2014
The Voice Foundation, Published by Elsevier Inc.

on VF displacement in these cases. The shape of the glottal configura-
tion between these aforementioned cases is compared in Fig. 9. It dem-
onstrates case 2 with the long-thick VFs and case 3 with the short-thin
VFs, representative of male-like and female-like VF geometries,
respectively. The glottal area of case 3 has an hourglass shape, while
case 2 is spindle-shaped.

Table IIT compares female-like (case 3) and male-like (case 2) VF
models in terms of the parameters of voice production, namely, vibra-
tion and glottal gap dynamics. The vibration frequency is evaluated by
plotting the variations of maximum VF displacement vs time for the
aforementioned models (Fig. 10) and indicates values of 106.3 Hz for
the long-thick VF and 152.1 Hz for the short-thin cases, respectively.
As can be seen from Fig. 10, both cases have reached a stationary state
wherein the maximum displacement and, therefore, maximum glottal
gap is nearly constant from cycle-to-cycle for the two cases.

The qualitative studies of the cases 2 and 3 models show that VF
geometric parameters have an influence on vibration frequency. In
particular, decreasing the length and thickness of the VF in case 3 in
comparison to case 2 increases the calculated phonation frequency
from the variation in Fig. 10. It should be mentioned that the vibration
frequency of both models is in the natural range of human voice pro-
duction. By comparing the maximum values of glottal gap in both
models, it can be observed that the glottal gap opening in case 2 is
greater than the case 3 VF along with the vibration cycle which affects
the value of volume flux.

IV. DISCUSSION

The objective of this study is to investigate the relationship between
the geometrical sizes of the human VFs associated with gender, and the

TABLE lll. Comparison of flow parameters obtained for cases 2 and 3.

Parameter Case 3 Case 2
Vibration frequency (Hz) 152.1 106.3
Maximum glottal gap (mm) 1.1 1.6

scitation.org/journal/phf
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FIG. 10. Time variations of maximum VF displacement values for cases 2 and 3
models displayed in Fig. 9.

airflow-VF interactions during phonation. Particularly, it demonstrates
how physiologically meaningful variations in VF geometric parameters
affect the model outcome, thereby providing future simulations with
important information on the respective parametric sensitivities. Nine dif-
ferent geometries are simulated and compared. The results show that the
model is capable of reproducing the aerodynamic data through the larynx
with a good approximant. In particular, the obtained pressure drops
across the glottis and flow fields (Fig. 4), as well as the flow rates (Fig. 6),
are consistent with CFD data published previously”>”® and experimental
recording of glottal airflow.”’ Furthermore, obtained VF displacements
agree well with previous studies using simplified VF geometry.”*”” The
deformations from the baseline model are matched reasonably well
with.”* Although the model was able to produce vibration patterns and
flow characteristics similar to what has been reported in humans, it
should be noted that validation compared to experiments is difficult due
to the lack of reliable methods for measurement of the material properties
and geometry, which indicates most of the model input parameters have
to be estimated, preventing direct quantitative validation.

The results showed that the differences in VF length and thick-
ness have opposite effects on the tissue’s biomechanical response.
Specifically, while the longer VFs increased the tissue displacement
and glottal flow, the larger thickness had an effect of significantly
reducing the maximum VF vibration amplitude, consistent with
observations in Zhang et al.*® Highest VF displacement of a few milli-
meters is obtained for the thinnest and longest VF in case 4 (Fig. 7)
while varying VF length across all the cases is noted to affect the dis-
placement directly when thickness and depth are held constant. This
pattern is observed regardless of inlet pressure as illustrated in Fig. 8.
Conversely, increasing VF thickness causes both the glottal pressure
drop and the flow rate to increase. The smaller thickness results in
lower pressures within the glottis compared to thick VF, with conse-
quentially less force to separate the VFs during glottal opening and
smaller flow rate (see Fig. 6). Therefore, thicker and longer VF causes
higher flow rate, as also pointed out previously by Li et al”
Additionally, smaller VF depth is found to be associated with smaller
flow rate and tissue deformation due to smaller laryngeal size, which
decreases the cross-sectional area of the glottis and thus increases the
airflow resistances in small depth configurations for the same trans-
glottal pressure (Fig. 6). These findings are consistent with observa-
tions in the previous study by Li et al.”” and the clinical recordings of
glottal airflow in Ref. 58 that found higher transglottal airflow in
males, that usually have long-thick VFs in the larger larynx. We also
observed that airflow velocities in the models with thin and short VFs
are similar in value to the velocities in the thick and long ones, thus
seemingly identical aerodynamics would lead to different VF deforma-
tions in different larynges. A comparison of glottal area for two
selected cases (Fig. 9) with high-speed digital images in Ref. 55
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confirms the accurate representation of the glottal configuration. A
vase-shaped configuration with a slightly curved edge is observed for
short-thin VF (case 3), which has been frequently shown by females.
The long-thick VF (case 2) had a spindle-shaped glottal configuration
with a straight margin that is often observed in males.” Finally, the
obtained linear relationship between the vibration magnitude and the
subglottal pressure is consistent with previous numerical findings’ for
the similar range of lung pressure used in the current study.

As discussed earlier, following the approach taken in the vast
majority of past studies, an idealized model of the larynx is
employed. While this parametrically controlled geometry helps in
controlling the effect of each geometrical feature investigating its
contribution, subject-specific sets of glottal geometries based on
the magnetic resonance scan that compare the female and male
larynx is necessary to establish models that predict the phonation
conditions that are benign to voice health. In addition to using
patient-specific models, in order to make this computational
model functional in clinical setting and investigate the prevalence
of certain voice disorder in genders, the frequency analysis of VF
vibration and the resulting acoustic measures need to be incorpo-
rated within the framework to comprehensively analyze the rela-
tionship between VF morphology and the vibration mode, which
can be the subject of future research.

Another limitation is the imposed artificial gap between the two
folds, allowing leakage flow even during what would be considered a
glottal closure. Furthermore, the laminar flow for laryngeal models is
considered. The majority of previous studies found that the Reynolds
numbers in airflow in the larynx range from 1000 to 5000.”* While the
subglottal flow may be laminar, near the glottal region the transition
to turbulent flow occurs. The comprehensive investigations of intra-
glottal flow have revealed complex flow patterns and morphologies®’
characterized by features such as transition to turbulence and the cor-
responding flow structure’’ and the numerical computation of this
highly unsteady airflow with massive separation is the focus of future
studies. Moreover, in this work, the VF is treated as an impermeable
single-phase structure. While this is a common assumption in all the
previous FSI simulations of phonation due to significant complexity of
incorporating a biphasic VF** models, the 80% fluid volume fraction
of the VF tissue justifies the use of a permeable material.”” Hence,
future work extends this study to model the VF tissue as a porous
medium similar to our previous fluid-porous structure framework”"*”
and explore the flow within the folds combined with oxygen trans-
port®®®” which can also provide additional information on VF hydra-
tion.” In addition, simulations are performed for a limited number of
values for each geometrical parameter to represent the morphological
differences between female-like and male-like VE. Although the results
of nine larynx models support the important role of the VF shape on
its biomechanics, it would be ideal to consider a wider range of possi-
ble geometries to reach stronger conclusions. The VF tissue is assumed
to be homogeneous and isotropic, while experimental evidence sug-
gests that VF is an anisotropic material. This can affect the realistic
dynamics of VFs during the closing phase and the degree of error
introduced by this assumption will be investigated in future studies.
However, it should be noted that the values of the comparative results
in the VF opening phase are still valid, and for a parametric study such
as presented here, limiting the focus to an isotropic VF would not alter
the current conclusions.
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